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The ILC project

Reference Design Report (draft)

√s        500 GeV  upgradeable to 1 TeV

g p ( )
released on 8 February 2007

pg

U         31.5 MV/m

Length   31 km

Rate 5 Hz à 1 ms 2625 bunchesRate     5 Hz  à 1 ms, 2625 bunches

Lumi     2x1034 cm-2 s-1 or 200 fb-1/year

Polarisation   e-: 0.80 / e+: 0.60
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Options  e+e-, e-e-, γγ, eγ, GigaZ



Detector & particle ID
LDC, GLD

SiD, 4th

Large Detector ConceptLarge Detector Concept
flavour tagging

ri = 16 mm c b

Imaging 
Calorimeter

τ(250 GeV) ρν

Particle Flow

Energy Flow

ννWW & ννZZ @ 800 GeV
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ννWW & ννZZ @ 800 GeV



Why do we need the ILC?
For any new discovery at the LHC

Higgs, supersymmetry, extra dimensions …gg p y y
we need to measure precisely the properties of the complete
particle spectrum

d d h lmasses, decay widths, spin, couplings, mixings, 
quantum numbers, cross-sections …

We want to unravel the basic underlying theoryWe want to unravel the basic, underlying theory
e.g. symmetry breaking mechanism, unification, CPV, LFV, RPV …

Higgs h H A H±Higgs         h    H, A, H±

sparticles  neutralinos/charginos
sleptons, squarks

LSP           neutralino, gravitino, sneutrino

KK states   γi, Zi, Wi
li, qi,

LKP             KK photon

Such a programme can only be achieved with the ILC as
precision instrument complementary to the LHC

p
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precision instrument, complementary to the LHC



Higgs ID
Higgs-strahlung

e+e- ZH
large rate ~104 @ 500 GeV 
clean environment

Higgs identifiaction
via recoil mass from Z l+l-, qq

Higgs decay modes
H ff, VV, gg, invisibleH ff, VV, gg, invisible
bias free Br measurements

Higgs massHiggs mass
kinematic 4C/5C fits using 
leptonic and hadronic Z decays 

Hi bb WW d
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δm ~ 40 - 70 MeV

+ Higgs bb, WW  decays



Higgs spin & parity
Spin      e+e- H Z

threshold excitation         σ~β JP = 0+  (0-, 1-, 2+, …   slower rise with βn>1)β ( , , , β )

angular distribution          dσ/dcosΘ ~ sin2Θ (very different from AZ, ZZ)

Parity
CP even / CP odd  mixing η, CP odd observable <O>

M = MHZ + η MAZ   asymmetry in diff. cross section    ~ cosΘ
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Higgs decay widths & couplings
Higgs decay widths
accurate determinations  of Br’s provide
comprehensive test of Higgs mechanism
in the SM, any deviations probe
parameters of an extended Higgs sector p gg

e.g.  BWW/Bττ sensitive to MA

Higgs couplings

Battaglia 99

p
model independent determination using
cross sections of Higgs-strahlung and
WW fusion and branching ratios coupling vs massg

gHff = mf/v, gHVV = 2m2
V/v

coupling vs mass 

mH = 120 GeV

δg/g ~ few %
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δg/g  few %



Higgs couplings
Higgs-top Yukawa coupling

e+e- ttH 4b2W, 2b4W
Triple Higgs self-coupling

e+e- HHZ 4b2q + 4b2l
t W b, H bb, WW  unique opportunity for ILC

crucial for shape of Higgs potential

b tag,  NN analysis 
σ ~ 2 fb @ 800 GeV

low σ, b tagging 
+ NN analysis

H bb H WW

l4b4q

4b2qlν

2b4q2l2ν

2b6qlν

δλ/λ ~ 15 %
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Higgs bosons in supersymmetry
Production     decoupling regime

light Higgs       e+e- Zh
heavy Higgs     e+e- AH, H+H-

h SM like, H and A ~degenerate

Filling blind LHC wedge     in tan β / mA parameter space

LHC + HA bb bb H/A bbLHC e+e- HA bb bb γγ H/A bb

ILC@800GeV

mH=300 GeV

mA=250 GeV
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Desch et al 04 Niezurawski etal 05



Exploring supersymmetry
Production of non-colored sleptons, neutralinos, charginos, light stop
Select exclusive reactions, bottom-up exploration

l h l kPolarisation:  enhance signal, suppress background
Model independent analysis

SPS 1 ’ SUGRA b h k

700

SPS 1a’ mSUGRA benchmark

favourable for LHC & ILC
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0



Slepton masses
• Energy spectrum, end points

flat energy spectrum

δm ~ 0.1 GeV     (slepton & neutralino)

• Threshold excitation curve
characteristic β dependence, steep rise

δ 0 05 0 2 G V
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δm ~ 0.05 - 0.2 GeV



Smuon spin
Threshold production

and
Angular distribution

masses known: reconstruction
polar angle Θ (2-fold ambiguity)

fit:

Unambiguous spin assignment

1 - (0.98±0.02) cos2Θ

Unambiguous spin assignment
model inependent, distinct from e.g. UED
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Choi et al 2006



L/R sfermion?
L/R quantum numbers via polarisation

R sfermions prefer right-handed electrons e-
Rp g R

L sfermions prefer left-handed electrons e-
L

Associated selectron production

different spectra for e+ and e- in final state
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Slepton couplings
Basic element of SUSY
identical gauge and Yukawa couplingsg g p g

SU(2)  gauge g = Yukawa ĝ   
U(1)     gauge g’ = Yukawa ĝ’

Slepton production
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Freitas et al, 04



Stau mass & polarisation
Stau production SPS 1a

flat triangular energy spectrum 
fit d i t E m = 173 GeV E+Efit upper end point E+ mstau

Mixing & polarisation

mstau = 173 GeV 

δm ~ 0.3 GeV

E-

access to couplingsaccess to couplings

polarisation analyser
E /Eτ ρν ππo ν,   z = Eπ/Eρ

Pτ = +1 dn/dz ~ (2z - 1)2

Pτ = -1 dn/dz ~ 2z(1 - z)

Pτ = 0.98 ± 0.04
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τ ( )
h-um 04



(S)Lepton Flavour Violation
LFV in slepton pair production e+e- eμEmiss

Seesaw mechanism to generate neutrino masses mνg ν

LR extension: νR singlet fields and superpartners
added to MSSM
sensitivity σLFV ~ 0.1-1 fb

WW

y LFV 

Majorana mass scale  MR~1013-14 GeV
SUSY seesaw induces SM LFV processes

radiative decay         Br(μ eγ)~10-12 μe τμSPS 1a

Deppisch et al 04

y (μ γ)

Massive neutrinos affect RGEs of sleptons
flavour off diagonal terms with large Yukawa

μe    τμ

flavour off-diagonal terms with large Yukawa
couplings for 3rd generation
kink in evolution of L3, H2

M( ) (5 9 1 6) 1014 G V
SPS 1a’
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M(νR3) = (5.9±1.6) 1014 GeV
Blair et al 05



Neutralino/chargino masses
Neutralino production   δm(Χ0

2) ~ 0.3 GeV

Chargino production      δm(Χ±
1) ~ 0.2 GeV

Many reactions to get the mass of the lightest
neutralino very accurately! δm(Χ0 ) 0 05 GeV
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neutralino very accurately!   δm(Χ0
1) ~ 0.05 GeV

H-UM, Blair 99



Chargino mixing & spin

Chargino sector         Dirac particle J=1/2

Mixings

2 f { } d ff Desch et al 03

SPS 1a    σL,R{11} 

cos 2ΦL,R from σL,R{ij} at different energies

Spin          

Desch et al 03

prod angle: no discrimination, 4-fold ambiguity
polarisation effects in decay spin 1/2
angular distribution of W ( lν) in X±

1 restframe

<κW> = -0.20 ± 0.02
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CP symmetry:  <κW> = -0.216 
cos Θ*

WChoi et al 2006



Sleptons in cascade decays
Decay chains à la LHC

signature: 4 leptons + Emiss

kinematics of cascade decay provideskinematics of cascade decay provides 
access to intermediate slepton
2-fold ambiguity for mass solutions

extremely narrow mass peak  
δm/m ~ 5·10-5

Similarly: L-selectron reconstruction 
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Berggren 05



Stop mass & mixing

Stop production

lightest squark in many scenarios, 
diffi lt t d t t t LHCdifficult to detect at LHC
signature: 2 c-quarks + Emiss

Mi i

δm~1 GeV 
2x500 fb-1

Mixing

polarised cross sections
SPS 5

p

Minimal mass 

SPS 5

δm~1.5 GeV 
500 fb-1

reconstructed from kinematics, momentum
correlations, using mχ

peak at mstop
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p a at mstop 

Finch et al 04



SPS 1a’ spectrum from LHC+ILC
Coherent LHC+ILC analysis:
• complementary contributions

spectrum completed
• superior to sum of individual 

analyses



analyses
• accuracy increased by 1-2 

orders of magnitude



Goal:
reconstructing fundamental



supersymmetric theory starting 
from expt. observations

Challenge:
experimental accuracy matched 
by theory?SPA project, EPJC 46 (2006) 43 
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by theory?SPA project, EPJC 46 (2006) 43



Extracting Lagrange parameters

Global fit simulated ‘data’ from LHC & ILC
input: masses, edges, x-sects, BRs, mixings …

h // d d / /
nput ma , g , ct , , m ng …

~120 observables incl. realistic error correlations
tools: spectrum calculators, RGE’s, HO x-sects, SLHA, fitting programs, 

consistent renorm scheme

http://spa.desy.de/spa/

consistent renorm. scheme 

Results SPS 1a’  high precision
LHC alone not able to constrainLHC alone not able to constrain
most parameters
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High-scale extrapolation
• Universality of gaugino & scalar mass parameters in mSUGRA

1/Mi[GeV-1] Mj
2 [103 GeV2] Mj

2 [103 GeV2]i[ ] j [ ]

mSUGRA

Mj [10 GeV ]

GMSB

MMMM

• Evolution in GMSB distinctly different from mSUGRA
• B l i f L id hi h

Q [GeV] Q [GeV] Q [GeV]Blair et al 03

• Bottom-up evolution of Lagrange parameters provides high 
sensitivity to SUSY breaking schemes

LHC+ILC: Telescope to Planck scale physics
H-U Martyn Prospects of flavour studies at the ILC Flavour in the era of the LHC, CERN 26 - 28 March 2007   24

LHC+ILC: Telescope to Planck scale physics



Dark matter & colliders
Cold dark matter in Universe ΩDM≈ 22%

ΩDMh2 = 0.105 ± 0.008   WMAP
± 0.002 Planck

Understanding nature of cold dark matter:
• direct detection DM particle in astrophysical expt
• precise measurement of mass & spin at colliders
• relic density calculation

Ωχ h2~ 3 ·10-27cm3s-1/<σv>
typical WI annihilation cross section

Candidates: neutralino, gravitino, sneutrino, axino
KK states, …

Formation: 

metastable stau

freeze out of thermal equilibrium
in general Ωχ » 0.2, annihilation mechanism needed

thermal production
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late decays 



Neutralino dark matter
SPS 1a’ ‘bulk region’

annihilation through slepton exchangeg p g
χχ тт, bb
σχχ depends on light slepton masses & couplings

LHC: ‘a posteriori’ fix of unconstrained parameters 
LHC+ILC: precision ~1-2%, matches WMAP/Planck expts

Reliable prediction for direct neutralino-protonReliable prediction for direct neutralino-proton 
detection cross section 

LCC2 ‘focus point region’ parasitic LHC 
peak Ωχ~ 0p g

heavy sfermions, light gauginos
annihilation    ΧΧ WW, ZZ
σ depends on M M μ tanβ

peak Ωχ  0

σχχ depends on M1, M2, μ, tanβ

LHC: gluino decays provide not enough constraints to
solve neutralino matrix
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solve neutralino matrix
LHC+ILC: ~10% precision on relic abundance Baltz et al 06



Gravitino dark matter
Gravitino mass set by SUSY breaking scale F of mediating interaction 

m3/2 = F/√3·MP             Planck scale MP =2.4·1018 GeV
lin general free parameter depending on scenario TeV … eV 

most interesting: gravitino LSP, stau NLSP  m3/2 = O(10-100 GeV)

D i t d it ti l li lif tiDominant decay gravitational coupling, lifetime sec - years

Detecting metastable staus & gravitinos
identify & record stopping stau stau massidentify & record stopping stau stau mass
wait until decay stau lifetime
measure τ recoil spectra gravitino mass

rare radiative decays gravitino spin
γ-τ correlations in 

LHC d i
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LHC detectors not appropriate
Gravitino not detectable in astrophysical expts



Gravitino dark matter    
GDM ε scenario      mo=m3/2=20 GeV, M1/2=440 GeV
ILC case study L=100 fb-1 @ 500 GeV (<1 year data taking)

• Prolific stau production

trap

• Prolific stau production

• Lifetime measurement

• Decay spectrum

Access to Planck scale / Newton’s constant
• SUSY breaking scaleSUSY breaking scale

• Unique test of supergravity:
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gravitino = superpartner of graviton H-U M, EPJC 48 (2006) 15



Conclusions
Excellent identification of flavour, resp. particle properties, 
needed in order to explore new discoveries. 
High precision measurements at the ILC will complement the 
physics programme of the LHC and will play a crucial role to 
identify the underlying theoryidentify the underlying theory.
Both colliders, the LHC and ILC, are essential if we want to 
make progress in understanding electroweak symmetry breaking, 

ifi ti f i t ti t d b t d thunification of interactions suggested by supersymmetry and the 
connection of particle physics with cosmology.

e+e- 1 TeV

H-U Martyn Prospects of flavour studies at the ILC Flavour in the era of the LHC, CERN 26 - 28 March 2007   29


